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UNIFORM, DAMAGE FREE NITRIDE ETCH

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under
U.S.C. §119(e) of U.S. Provisional Application 61/747,680
filed Dec. 31, 2012, which is hereby incorporated by refer-
ence in its entirety.

FIELD OF THE INVENTION

This invention relates to the field of integrated circuits.
More particularly, this invention relates to thin films in
integrated circuits.

BACKGROUND OF THE INVENTION

An integrated circuit may be formed using a temporary, or
sacrificial, silicon nitride feature. A portion, or all, of the
silicon nitride feature may be removed during fabrication of
the integrated circuit. It may be desirable to remove the
silicon nitride feature without damaging silicon dioxide
features or silicon features of the integrated circuit, such as
thin layers of silicon dioxide over active areas, gates, silicon
dioxide spacers on gates, and/or the active areas. The silicon
nitride feature may have a surface layer of oxidized silicon
which may inhibit removal of the underlying silicon nitride
feature. Conventional processes used to remove silicon
nitride include wet etch using hot phosphoric acid and
silicon nitride plasma etch.

Silicon nitride removal using hot phosphoric acid may
result in non-uniform removal due to etch micro loading
effects resulting in undesired non-uniformity of performance
parameters of the integrated circuit. In addition, the hot
phosphoric acid etch may be preceded by a dilute hydrofiu-
oric acid etch to remove the surface layer of oxidized silicon
from the silicon nitride feature. The dilute hydrofiuoric acid
etch may undesirably remove thin layers of silicon nitride
over active areas and/or silicon dioxide spacers on gates.
The subsequent hot phosphoric acid may undesirably attack
exposed silicon, such as silicon active areas or polysilicon
gates which were exposed by the dilute hydrofluoric acid
etch.

A silicon nitride plasma etch may also be preceded by a
plasma oxide etch to remove the surface layer of oxidized
silicon from the silicon nitride. The plasma oxide etch
uniformity and etch rate are difficult to control and may
undesirably remove exposed silicon dioxide on active areas
and/or gates, exposing the active areas and gates to the
silicon nitride plasma etch, resulting in damage to the active
areas and gates.

SUMMARY OF THE INVENTION

The following presents a simplified summary in order to
provide a basic understanding of one or more aspects of the
invention. This summary is not an extensive overview of the
invention, and is neither intended to identify key or critical
elements of the invention, nor to delineate the scope thereof.
Rather, the primary purpose of the summary is to present
some concepts of the invention in a simplified form as a
prelude to a more detailed description that is presented later.

An integrated circuit may be formed by forming a sacri-
ficial silicon nitride feature. At least a portion of the sacri-
ficial silicon nitride feature may be removed by placing the
integrated circuit in a two-step oxidized layer etch tool and
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removing a surface layer of oxidized silicon from the
sacrificial silicon nitride feature using a two-step etch pro-
cess. The two-step etch process exposes the integrated
circuits to reactants from a plasma source at a temperature
less than 40° C. and subsequently heating the integrated
circuit to 80° C. to 120° C. while in the two-step oxidized
layer etch tool to remove etch by-products. While the
integrated circuit is in the two-step oxidized layer etch tool,
without exposing the integrated circuit to an ambient con-
taining more than 1 torr of oxygen, at least a portion of the
sacrificial silicon nitride feature is removed using fluorine-
containing etch reagents, substantially free of ammonia.

DESCRIPTION OF THE VIEWS OF THE
DRAWING

FIG. 1A through FIG. 1C are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation.

FIG. 2A through FIG. 2E are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation.

FIG. 3A through FIG. 3E are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation.

FIG. 4A through FIG. 4G are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation.

FIG. 5A through FIG. 5F are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation.

FIG. 6A through FIG. 6E are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

The present invention is described with reference to the
attached figures. The figures are not drawn to scale and they
are provided merely to illustrate the invention. Several
aspects of the invention are described below with reference
to example applications for illustration. It should be under-
stood that numerous specific details, relationships, and
methods are set forth to provide an understanding of the
invention. One skilled in the relevant art, however, will
readily recognize that the invention can be practiced without
one or more of the specific details or with other methods. In
other instances, well-known structures or operations are not
shown in detail to avoid obscuring the invention. The
present invention is not limited by the illustrated ordering of
acts or events, as some acts may occur in different orders
and/or concurrently with other acts or events. Furthermore,
not all illustrated acts or events are required to implement a
methodology in accordance with the present invention.

FIG. 1A through FIG. 1C are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 1A, the integrated
circuit 100 is formed on a substrate 102 which may be, for
example, a semiconductor wafer. A plurality of integrated
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circuits 100 may be formed concurrently on the substrate
102. The integrated circuit 100 has sacrificial silicon nitride
features 104; dimensions of the sacrificial silicon nitride
features 104 are exaggerated in FIG. 1A through FIG. 1C to
more clearly depict details of the example process. The
sacrificial silicon nitride features 104 have a surface layer of
oxidized silicon 106 which may be, for example, 2 Ang-
stroms (A) to 5 A thick. The integrated circuit 100 is placed
in a two-step oxidized layer etch tool 108 such as an Applied
Materials Siconi Preclean tool. Inside a chamber 110 of the
two-step oxidized layer etch tool 108, the integrated circuit
100 is placed on a substrate base 112 which is at a tempera-
ture less than 40° C., for example 25° C. to 35° C. Substrate
pins 114 located below the substrate 102 are operable to
raise the substrate 102 off the substrate base 112. The
two-step oxidized layer etch tool 108 has a remote plasma
generator 116 located over a heated showerhead 118 above
the substrate base 112. The heated showerhead 118 is at a
temperature above 90° C., for example 110° C. to 120° C.
The two-step oxidized layer etch tool 108 may have one or
more baffles 120 between the remote plasma generator 116
and the heated showerhead 118.

In a first step of a two-step process to remove the surface
layer of oxidized silicon 106, reagents 122 including a
fluorine-containing gas such as ammonium trifluoride (NF;),
and ammonia (NH;) are provided to the remote plasma
generator 116, along with an inert gas such as helium. A flow
rate of the ammonium trifluoride may be, for example 10
standard cubic centimeters per minute (sccm) to 30 scem,
and a flow rate of the ammonia may be 3 to 6 times the flow
rate of the ammonium trifluoride.

A plasma is generated using the reagents 122 and inert
gas, producing fluorine radicals such as NH,F and NH,F.HF
which flow through the heated showerhead 118 and adsorb
onto an existing top surface of the integrated circuit 100,
including on the surface layer of oxidized silicon 106. The
adsorbed fluorine radicals react with the surface layer of
oxidized silicon 106 to produce silicon-fluorine by-products,
such as NH,.SF,, which remain on the surface layer of
oxidized silicon 106. After sufficient fluorine radicals have
been adsorbed and reacted so as to remove the surface layer
of oxidized silicon 106, for example after 10 seconds to 60
seconds, flow of the reagents 122 is turned off and the
fluorine radicals are purged from the chamber 110.

Referring to FIG. 1B, in a second step of the two-step
process to remove the surface layer of oxidized silicon 106,
hydrogen gas (H,) 124 is flowed through the heated show-
erhead 118 onto the integrated circuit 100. The substrate pins
114 are raised, lifting the substrate 102 off the substrate base
112 so that an existing top surface of the integrated circuit
100 is within 5 millimeters of the heated showerhead 118.
The hydrogen gas 124 transfers heat from the heated show-
erhead 118 to the silicon-fluorine by-products, causing the
silicon-fluorine by-products to sublime and be removed
from the chamber 110. The substrate 102 may be held
proximate to the heated showerhead 118 for a sufficient time,
for example, 30 seconds to 120 seconds, for the silicon-
fluorine by-products to sublime from the sacrificial silicon
nitride features 104 and be removed from the chamber 110.
The sacrificial silicon nitride features 104 are substantially
free of the surface layer of oxidized silicon 106 of FIG. 1A.
Removing the surface layer of oxidized silicon 106 using the
two-step process of FIG. 1A and FIG. 1B may advanta-
geously keep removal of exposed silicon dioxide and silicon
in the integrated circuit 100 within acceptable limits. The
integrated circuit 100 is not exposed to an ambient contain-
ing more than 1 torr of oxygen between removal of the
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4

surface layer of oxidized silicon 106 and subsequent
removal of at least a portion of the sacrificial silicon nitride
features 104 as described in reference to FIG. 1C.

Referring to FIG. 1C, the substrate pins 114 are lowered
so that the substrate 102 rests on the substrate base 112.
Fluorine-containing reagents 126 such as ammonium trif-
luoride and/or sulfur hexafluoride (SF), substantially free of
ammonia, are provided to the remote plasma generator 116,
along with an inert gas such as helium. A plasma is generated
using the reagents 126 and inert gas, producing fluorine
radicals such as fluorine atoms (F) which flow through the
heated showerhead 118 and onto an existing top surface of
the integrated circuit 100, including on the sacrificial silicon
nitride features 104. The fluorine radicals react with silicon
in the sacrificial silicon nitride features 104 so as to remove
at least a portion, possibly all, of the sacrificial silicon nitride
features 104. The flow rates of the reagents 126 and power
in the remote plasma generator 116 may be selected to
provide a desired selectivity to silicon nitride with respect to
silicon dioxide and silicon, so that removal of exposed
silicon dioxide and silicon in the integrated circuit 100 is
kept within acceptable limits. After a desired portion of the
sacrificial silicon nitride features 104 is removed, flow of the
reagents 126 is turned off and the fluorine radicals are
purged from the chamber 110.

FIG. 2A through FIG. 2E are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 2A, the integrated
circuit 200 is formed on a substrate 202, for example a
semiconductor wafer such as a silicon wafer. A gate dielec-
tric layer 228 is formed at a top surface of the substrate 202
in an area for a first transistor 230 and an area for a second
transistor 232. Field oxide 234 may be formed at the top
surface of the substrate 202 to laterally isolate the first
transistor 230 and the second transistor 232. A layer of gate
material 236, such as polycrystalline silicon, referred to as
polysilicon, is formed over the gate dielectric layer 228. A
sacrificial silicon nitride layer 204 is formed over the layer
of gate material 236, for example to provide an anti-
reflection layer or a hard mask layer. A gate mask 238 is
formed over the sacrificial silicon nitride layer 204 so as to
cover areas for gates of the first transistor 230 and the second
transistor 232. The gate mask 238 may include photoresist or
other carbon-containing material such as amorphous carbon.

Referring to FIG. 2B, a gate etch process removes silicon
nitride from the sacrificial silicon nitride layer 204 and
removes gate material from the layer of gate material 236 in
areas exposed by the gate mask 238. Flements of the
sacrificial silicon nitride layer 204 on the separate elements
of'the layer of gate material 236 are sacrificial silicon nitride
features. After the gate etch process is completed, the gate
mask 238 is removed, for example using an oxygen plasma
process.

Referring to FIG. 2C, the gate etch process and removal
of the gate mask 238 of FIG. 2B form a surface layer of
oxidized silicon 206 at exposed surfaces of the sacrificial
silicon nitride layer 204. The integrated circuit 200 is placed
in a two-step oxidized layer etch tool on a substrate base
maintained at a temperature less than 40° C. A first step of
a two-step process to remove the surface layer of oxidized
silicon 206 is performed, for example as described in
reference to FIG. 1A, in which reagents including a fluorine-
containing gas and ammonia are provided to a remote
plasma generator of the two-step oxidized layer etch tool,
along with an inert gas. A plasma is generated using the
reagents and inert gas, producing fluorine radicals which
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flow through a heated element, such as a heated showerhead,
of the two-step oxidized layer etch tool and adsorb onto an
existing top surface of the integrated circuit 200, including
on the surface layer of oxidized silicon 206. The adsorbed
fluorine radicals react with the surface layer of oxidized
silicon 206 to produce silicon-fluorine by-products which
remain on the surface layer of oxidized silicon 206.

Referring to FIG. 2D, a second step of the two-step
process is performed, for example as described in reference
to FIG. 1B, in which the integrated circuit 200 is raised off
the substrate base and within 5 millimeters of the heated
showerhead. Heat is transferred from the heated showerhead
to the silicon-fluorine by-products, causing the silicon-
fluorine by-products to sublime and be removed from a
chamber of the two-step oxidized layer etch tool. The gate
dielectric layer 228 is advantageously not removed by the
two-step process. The layer of gate material 236 is advan-
tageously not significantly etched by the two-step process.
The integrated circuit 200 is not exposed to an ambient
containing more than 1 torr of oxygen between removal of
the surface layer of oxidized silicon 206 and subsequent
removal of at least a portion of the sacrificial silicon nitride
layer 204.

Referring to FIG. 2E, the integrated circuit 200 is lowered
onto the substrate base. Fluorine-containing reagents, sub-
stantially free of ammonia, are provided to the remote
plasma generator, along with an inert gas such as helium. A
plasma is generated using the reagents and inert gas, pro-
ducing fluorine radicals which flow through the heated
showerhead and onto an existing top surface of the inte-
grated circuit 200, including on the sacrificial silicon nitride
layer 204. The fluorine radicals react with silicon in the
sacrificial silicon nitride layer 204 so as to remove the
sacrificial silicon nitride layer 204. The gate dielectric layer
228 is advantageously not removed by the fluorine radicals.
The layer of gate material 236 is advantageously not sig-
nificantly etched by the fluorine radicals.

FIG. 3A through FIG. 3E are cross sections of an inte-
grated circuit with a sacrificial silicon nitride feature during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 3A, the integrated
circuit 300 is formed on a substrate 302, for example a
semiconductor wafer such as a silicon wafer. A gate dielec-
tric layer 328 is formed at a top surface of the substrate 302
in an area for a first transistor 330 and an area for a second
transistor 332. Field oxide 334 may be formed at the top
surface of the substrate 302 to laterally isolate the first
transistor 330 and the second transistor 332. Gates 336 of the
first transistor 330 and the second transistor 332 are formed
over the gate dielectric layer 328. The gates 336 may include
polysilicon or other gate material such as cobalt silicide or
titanium nitride. Sidewall spacers 340 are formed on lateral
surfaces of the gates 336. The sidewall spacers 340 may
include one or more layers of silicon dioxide and/or silicon
nitride.

A sacrificial silicon nitride mask 304 is formed over the
first transistor 330 so as to expose the second transistor 332.
The sacrificial silicon nitride mask 304 is a sacrificial silicon
nitride feature. The sacrificial silicon nitride mask 304 may
be formed, for example, by forming a conformal layer of
silicon nitride over an existing top surface of the integrated
circuit 300 including the first transistor 330 and the second
transistor 332, for example by a plasma enhanced chemical
vapor deposition (PECVD) process using bis(tertiary-buty-
lamino)silane, referred to as BTBAS. An etch mask is
formed over the conformal layer of silicon nitride so as to
cover the first transistor 330 and expose the second transistor
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332. Silicon nitride is removed from the conformal layer of
silicon nitride in areas exposed by the etch mask to leave the
sacrificial silicon nitride mask 304. The etch mask is sub-
sequently removed. Removal of the etch mask and subse-
quent process steps form a surface layer of oxidized silicon
306 at exposed surfaces of the sacrificial silicon nitride mask
304.

Referring to FIG. 3B, source/drain cavities 342 are
formed in the second transistor 332 by removing semicon-
ductor material from the substrate 302 adjacent to the gate
336 and sidewall spacers 340 of the second transistor 332.
The semiconductor material may be removed by a combi-
nation of a reactive ion etch (RIE) process and a crystallo-
graphic wet etch. The sacrificial silicon nitride mask 304
prevents removal of semiconductor material from the first
transistor 330.

Referring to FIG. 3C, silicon-germanium source/drain
regions 344 are formed in the source/drain cavities 342 of
FIG. 3B, by a selective epitaxial growth process. The
sacrificial silicon nitride mask 304 blocks epitaxial growth
on the first transistor 330. After the silicon-germanium
source/drain regions 344 are formed, the integrated circuit
300 is placed in a two-step oxidized layer etch tool on a
substrate base maintained at a temperature less than 40° C.
A first step of a two-step process to remove the surface layer
of oxidized silicon 306 is performed, for example as
described in reference to FIG. 1A, in which a fluorine-
containing gas, ammonia and an inert gas are provided to a
remote plasma generator of the two-step oxidized layer etch
tool. The remote plasma generator generates a plasma,
producing fluorine radicals which flow through a heated
element, such as a heated showerhead, of the two-step
oxidized layer etch tool and adsorb onto an existing top
surface of the integrated circuit 300, including on the surface
layer of oxidized silicon 306. The adsorbed fluorine radicals
react with the surface layer of oxidized silicon 306 to
produce silicon-fluorine by-products which remain on the
surface layer of oxidized silicon 306.

Referring to FIG. 3D, a second step of the two-step
process is performed, for example as described in reference
to FIG. 1B, in which the integrated circuit 300 is raised off
the substrate base to within 5 millimeters of the heated
element. The silicon-fluorine by-products are heated by gas
flowing through the heated element, causing the silicon-
fluorine by-products to sublime and be removed. The sili-
con-germanium source/drain regions 344 are advanta-
geously not significantly etched by the two-step process. The
gate 336 of the second transistor 332 is also advantageously
not significantly etched by the two-step process. The inte-
grated circuit 300 is not exposed to an ambient containing
more than 1 torr of oxygen between removal of the surface
layer of oxidized silicon 306 and subsequent removal of at
least a portion of the sacrificial silicon nitride mask 304.

Referring to FIG. 3E, the integrated circuit 300 is lowered
onto the substrate base. Fluorine-containing reagents, sub-
stantially free of ammonia, are provided to the remote
plasma generator, along with an inert gas. A plasma is
generated using the reagents and inert gas, producing fluo-
rine radicals which flow through the heated element and
onto an existing top surface of the integrated circuit 300,
including on the sacrificial silicon nitride mask 304. The
fluorine radicals react with silicon in the sacrificial silicon
nitride mask 304 so as to remove the sacrificial silicon
nitride mask 304. The gate dielectric layer 328 is advanta-
geously not removed by the fluorine radicals. The gates 336
are advantageously not significantly etched by the fluorine
radicals.
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FIG. 4A through FIG. 4G are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 4A, the integrated
circuit 400 is formed on a substrate 402, such as a silicon
wafer. A gate dielectric layer 428 is formed at a top surface
of the substrate 402 in an area for a first transistor 430 and
an area for a second transistor 432. Field oxide 434 may be
formed at the top surface of the substrate 402 to laterally
isolate the first transistor 430 and the second transistor 432.
Gates 436 of the first transistor 430 and the second transistor
432 are formed over the gate dielectric layer 428. In the
instant example, the gates 436 are predominantly polysili-
con. Sidewall spacers 440 are formed on lateral surfaces of
the gates 436. The sidewall spacers 440 may include one or
more layers of silicon dioxide and/or silicon nitride.

A source/drain mask 446 is formed over the second
transistor 432 so as to expose the first transistor 430. The
source/drain mask 446 may include photoresist and possibly
other organic materials. Dopants 448 are implanted into the
first transistor 430 to form source/drain implanted regions
450 in the substrate 402 adjacent to the sidewall spacers 440
of the first transistor 430. The dopants 448 are also
implanted concurrently into the gate 436 of the first tran-
sistor 430 to form a gate implanted region 452. A total dose
of the dopants 448 may be, for example, 1x10'> cm™ to
1x10*7 ¢cm™2, and is sufficient to at least partly amorphize the
gate implanted region 452. The source/drain implanted
regions 450 may also be partly amorphized by the implanted
dopants 448. The source/drain mask 446 is removed after the
dopants 448 are implanted.

Referring to FIG. 4B, a conformal layer of stressed silicon
nitride 404 is formed over an existing top surface of the
integrated circuit 400, covering the first transistor 430 and
the second transistor 432. The conformal layer of stressed
silicon nitride 404 has a stress greater than 100 megapascals
(MPa), either tensile or compressive, as needed to provide
increased on-state current in the first transistor 430. The
conformal layer of stressed silicon nitride 404 may be
formed by a PECVD process. The gate implanted region 452
remains at least partly amorphized through formation of the
conformal layer of stressed silicon nitride 404.

Referring to FIG. 4C, an optional stressor mask 454 may
be formed over the conformal layer of stressed silicon
nitride 404 in the area for the first transistor 430, so as to
expose the conformal layer of stressed silicon nitride 404 in
the area for the second transistor 432. An etch process
removes silicon nitride from the conformal layer of stressed
silicon nitride 404 in areas exposed by the stressor mask
454, leaving the conformal layer of stressed silicon nitride
404 over the first transistor 430. The conformal layer of
stressed silicon nitride 404 is a sacrificial silicon nitride
feature. The stressor mask 454 is removed after the etch
process is completed, for example by an oxygen plasma
and/or a wet etch using an aqueous mixture of sulfuric acid
and hydrogen peroxide.

Referring to FIG. 4D, removal of the stressor mask 454 of
FIG. 4C, and possibly other process steps, forms a surface
layer of oxidized silicon 406 at exposed surfaces of the
conformal layer of stressed silicon nitride 404. An anneal
process is performed which heats the integrated circuit 400
using a rapid thermal processor (RTP) tool or a laser anneal
tool, as depicted in FIG. 4D by heat radiation 456, which
activates at least a portion of the implanted dopants in the
source/drain implanted regions 450 of FIG. 4C to form
source/drain regions 458. The anneal process also recrys-
tallizes the gate implanted region 452 of FIG. 4C to form a
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doped gate 460 of the first transistor 430 with lateral
dimensions of the doped gate 460 determined by the stress
in the conformal layer of stressed silicon nitride 404. It is
desirable to remove the conformal layer of stressed silicon
nitride 404 without significantly etching the doped gate 460
or the gate dielectric layer 428 over the source/drain regions
458. When the conformal layer of stressed silicon nitride
404 is removed, the doped gate 460 will desirably apply
stress to a channel region in the substrate 402 under the gate
dielectric layer 428 between the source/drain regions 458 to
increase the on-state current of the first transistor 430.

Referring to FIG. 4E, the integrated circuit 400 is placed
in a two-step oxidized layer etch tool on a substrate base
maintained at a temperature less than 40° C. A first step of
a two-step process to remove the surface layer of oxidized
silicon 406 is performed, for example as described in
reference to FIG. 1A, in which a fluorine-containing gas,
ammonia and an inert gas are provided to a remote plasma
generator of the two-step oxidized layer etch tool. The
remote plasma generator generates a plasma, producing
fluorine radicals which flow through a heated element of the
two-step oxidized layer etch tool and adsorb onto an existing
top surface of the integrated circuit 400, including on the
surface layer of oxidized silicon 406. The adsorbed fluorine
radicals react with the surface layer of oxidized silicon 406
to produce silicon-fluorine by-products which remain on the
surface layer of oxidized silicon 406.

Referring to FIG. 4F, a second step of the two-step
process is performed, for example as described in reference
to FIG. 1B, in which the integrated circuit 400 is raised off
the substrate base to a position proximate to the heated
element. The silicon-fluorine by-products are heated by gas
flowing through the heated element, causing the silicon-
fluorine by-products to sublime and be removed. The doped
gate 460 or the gate dielectric layer 428 over the source/
drain regions 458 are advantageously not significantly
etched by the two-step process. The gate 436 and the gate
dielectric layer 428 of the second transistor 432 are also
advantageously not significantly etched by the two-step
process. The integrated circuit 400 is not exposed to an
ambient containing more than 1 torr of oxygen between
removal of the surface layer of oxidized silicon 406 and
subsequent removal of at least a portion of the conformal
layer of stressed silicon nitride 404.

Referring to FIG. 4G, the integrated circuit 400 is lowered
onto the substrate base. Fluorine-containing reagents, sub-
stantially free of ammonia, and an inert gas are provided to
the remote plasma generator. A plasma is generated using the
reagents and inert gas, producing fluorine radicals which
flow through the heated element and onto an existing top
surface of the integrated circuit 400, including on the
conformal layer of stressed silicon nitride 404. The fluorine
radicals react with silicon in the conformal layer of stressed
silicon nitride 404 so as to remove the conformal layer of
stressed silicon nitride 404. The gate dielectric layer 428 in
the first transistor 430 and second transistor 432 is advan-
tageously not removed by the fluorine radicals. The doped
gate 460 of the first transistor 430 and the gate 436 of the
second transistor 432 are advantageously not significantly
etched by the fluorine radicals.

FIG. 5A through FIG. 5F are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 5A, the integrated
circuit 500 is formed on a substrate 502, such as a silicon
wafer. A gate dielectric layer 528 is formed at a top surface
of the substrate 502 in an area for a first transistor 530 and
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an area for a second transistor 532. Field oxide 534 may be
formed at the top surface of the substrate 502 to laterally
isolate the first transistor 530 and the second transistor 532.
Gates 536 of the first transistor 530 and the second transistor
532 are formed over the gate dielectric layer 528. Sidewall
spacers 504 are formed of silicon nitride on lateral surfaces
of the gates 536, for example by forming a conformal layer
of silicon nitride over an existing top surface of said inte-
grated circuit and anisotropically etching the conformal
layer of silicon nitride to leave the sidewall spacers 504. The
sidewall spacers 504 are sacrificial silicon nitride features. A
surface layer of oxidized silicon 506 is formed at exposed
surfaces of the sidewall spacers 504 by exposure to oxidiz-
ing ambients during fabrication of the integrated circuit 500.
Source/drain regions 558 of the first transistor 530 and
second transistor 532 are formed by implanting dopants into
the substrate 502 while the sidewall spacers 504 are in place.
An initial width of the sidewall spacers 504 is selected to
provide a desired lateral separation between the source/drain
regions 558 and the gate 536 of the first transistor 530, and
between the source/drain regions 558 and the gate 536 of the
second transistor 532. It may be desirable to reduce the
width of the sidewall spacers 504, or optionally to remove
the sidewall spacers 504, prior to forming a permanent stress
layer over the first transistor 430, so as to more effectively
transfer stress from the permanent stress layer to a channel
region in the substrate 502 under the gate 536 of the first
transistor 530, to advantageously increase an on-state cur-
rent of the first transistor 530.

The integrated circuit 500 is placed in a two-step oxidized
layer etch tool on a substrate base maintained at a tempera-
ture less than 40° C. A first step of a two-step process to
remove the surface layer of oxidized silicon 506 is per-
formed, for example as described in reference to FIG. 1A, in
which a fluorine-containing gas, ammonia and an inert gas
are provided to a remote plasma generator of the two-step
oxidized layer etch tool. The remote plasma generator
generates a plasma, producing fluorine radicals which flow
through a heated element of the two-step oxidized layer etch
tool and adsorb onto an existing top surface of the integrated
circuit 500, including on the surface layer of oxidized silicon
506. The adsorbed fluorine radicals react with the surface
layer of oxidized silicon 506 to produce silicon-fluorine
by-products which remain on the surface layer of oxidized
silicon 506.

Referring to FIG. 5B, a second step of the two-step
process is performed, for example as described in reference
to FIG. 1B, in which the integrated circuit 500 is raised off
the substrate base to a position proximate to the heated
element. The silicon-fluorine by-products are heated by gas
flowing through the heated element, causing the silicon-
fluorine by-products to sublime and be removed. The gates
536 and the gate dielectric layer 528 in the first transistor
530 and the second transistor 532 are advantageously not
significantly etched by the two-step process. The integrated
circuit 500 is not exposed to an ambient containing more
than 1 torr of oxygen between removal of the surface layer
of oxidized silicon 506 and subsequent removal of at least a
portion of the sidewall spacers 504.

Referring to FIG. 5C, the integrated circuit 500 is lowered
onto the substrate base. Fluorine-containing reagents, sub-
stantially free of ammonia, and an inert gas are provided to
the remote plasma generator. A plasma is generated using the
reagents and inert gas, producing fluorine radicals which
flow through the heated element and onto an existing top
surface of the integrated circuit 500, including on the
sidewall spacers 504. The fluorine radicals react with silicon
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in the sidewall spacers 504 so as to remove a portion of the
sidewall spacers 504. The gates 536 and the gate dielectric
layer 528 in the first transistor 530 and the second transistor
532 are advantageously not removed by the fluorine radi-
cals. In one version of the instant example, generation of the
fluorine radicals may be ceased when a width of the sidewall
spacers 504 is decreased to a desired value, as depicted in
FIG. 5C.

Referring to FIG. 5D, the generation of the fluorine
radicals may be continued until the sidewall spacers 504 of
FIG. 5C are removed. Complete removal of the sidewall
spacers 504 may advantageously transfer more stress from
the permanent stress layer to the channel region. The gates
536 and the gate dielectric layer 528 in the first transistor
530 and the second transistor 532 are advantageously not
removed by the fluorine radicals during complete removal of
the sidewall spacers 504.

Referring to FIG. 5E, the permanent stress layer 562 is
formed over an existing top surface of the integrated circuit
500, so as to conformally cover the gates 536 of the first
transistor 530 and the second transistor 532. The permanent
stress layer 562 has a stress greater than 100 MPa, either
tensile or compressive, as needed to provide increased
on-state current in the first transistor 530. The permanent
stress layer 562 may be formed by a PECVD process.

Referring to FIG. 5F, the permanent stress layer 562 may
optionally be patterned so as to remove the permanent stress
layer 562 from the second transistor 532 and leave the
permanent stress layer 562 on the first transistor 530. The
permanent stress layer 562 may be patterned by forming a
mask over the permanent stress layer 562 so as to cover the
first transistor 530 and expose the second transistor 532, and
subsequently removing the permanent stress layer 562 from
areas exposed by the mask. Optionally, a second permanent
stress layer with a different stress value may be formed over
the second transistor 532.

FIG. 6A through FIG. 6E are cross sections of an inte-
grated circuit with sacrificial silicon nitride features during
an example fabrication process, depicted in successive
stages of formation. Referring to FIG. 6A, the integrated
circuit 600 is formed on a substrate 602, such as a silicon
wafer. A gate dielectric layer 628 is formed at a top surface
of the substrate 602 in an active area 630 bounded by field
oxide 634. A plurality of gates 636 are formed adjacent to
one another over the gate dielectric layer 628 so as to be
closely spaced together, possibly at a minimum pitch used to
design the integrated circuit 600. Sidewall spacers 604 are
formed of silicon nitride on lateral surfaces of the gates 636,
for example by forming a conformal layer of silicon nitride
over an existing top surface of said integrated circuit and
anisotropically etching the conformal layer of silicon nitride
to leave the sidewall spacers 604. The sidewall spacers 604
are sacrificial silicon nitride features. A surface layer of
oxidized silicon 606 is formed at exposed surfaces of the
sidewall spacers 604 by exposure to oxidizing ambients
during fabrication of the integrated circuit 600. Source/drain
regions 658 are formed in the substrate 602 adjacent to the
sidewall spacers 604 by implanting dopants into the sub-
strate 602 while the sidewall spacers 604 are in place. An
initial width of the sidewall spacers 604 is selected to
provide a desired lateral separation between the source/drain
regions 658 and the gates 636. It may be desirable to reduce
the width of the sidewall spacers 604 to reduce formation of
voids when filling spaces between the gates 636 with
dielectric material during formation of a pre-metal dielectric
(PMD) layer.
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The integrated circuit 600 is placed in a two-step oxidized
layer etch tool on a substrate base maintained at a tempera-
ture less than 40° C. A first step of a two-step process to
remove the surface layer of oxidized silicon 606 is per-
formed, for example as described in reference to FIG. 1A, in
which a fluorine-containing gas, ammonia and an inert gas
are provided to a remote plasma generator of the two-step
oxidized layer etch tool. The remote plasma generator
generates a plasma, producing fluorine radicals which flow
through a heated element of the two-step oxidized layer etch
tool and adsorb onto an existing top surface of the integrated
circuit 600, including on the surface layer of oxidized silicon
606. The adsorbed fluorine radicals react with the surface
layer of oxidized silicon 606 to produce silicon-fluorine
by-products which remain on the surface layer of oxidized
silicon 606.

Referring to FIG. 6B, a second step of the two-step
process is performed, for example as described in reference
to FIG. 1B, in which the integrated circuit 600 is raised off
the substrate base to a position proximate to the heated
element. The silicon-fluorine by-products are heated by gas
flowing through the heated element, causing the silicon-
fluorine by-products to sublime and be removed. The gates
636 and the gate diclectric layer 628 in the active area 630
are advantageously not significantly etched by the two-step
process. The integrated circuit 600 is not exposed to an
ambient containing more than 1 torr of oxygen between
removal of the surface layer of oxidized silicon 606 and
subsequent removal of at least a portion of the sidewall
spacers 604.

Referring to FIG. 6C, the integrated circuit 600 is lowered
onto the substrate base. Fluorine-containing reagents, sub-
stantially free of ammonia, and an inert gas are provided to
the remote plasma generator. A plasma is generated using the
reagents and inert gas, producing fluorine radicals which
flow through the heated element and onto an existing top
surface of the integrated circuit 600, including on the
sidewall spacers 604. The fluorine radicals react with silicon
in the sidewall spacers 604 so as to remove a portion of the
sidewall spacers 604. The gates 636 and the gate dielectric
layer 628 in the active area 630 are advantageously not
removed by the fluorine radicals. Generation of the fluorine
radicals is ceased when a width of the sidewall spacers 604
is decreased to a desired value.

Referring to FIG. 6D, a PMD liner 664 is formed over an
existing top surface of the integrated circuit 600. The PMD
liner 664 may include, for example, one or more layers of
silicon nitride and/or silicon dioxide. The PMD liner 664 is
formed as a conformal layer by a PECVD process. A PMD
layer 666 is formed over the PMD liner 664 so as to fill the
spaces between the gates 636 with dielectric material. The
PMD layer 666 may include, for example, one or more
layers of silicon dioxide or boron-phosphorus silicate glass
(BPSG), formed by a PECVD process. Reducing the width
of the sidewall spacers 604 may advantageously reduce
voids in the PMD layer 666 between the gates 636.

Referring to FIG. 6E, the PMD layer 666 may optionally
be planarized to facilitate formation of contacts through the
PMD layer 666 and the PMD liner 664, and formation of
metal interconnects over the PMD layer 666. The PMD layer
666 may be planarized, for example, by a chemical mechani-
cal polish (CMP) process or a resist etchback (REB) process.
Reduction of voids in the PMD layer 666 between the gates
636 may advantageously reduce trapped contaminants from
the CMP or REB process

While various embodiments of the present invention have
been described above, it should be understood that they have
been presented by way of example only and not limitation.
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Numerous changes to the disclosed embodiments can be
made in accordance with the disclosure herein without
departing from the spirit or scope of the invention. Thus, the
breadth and scope of the present invention should not be
limited by any of the above described embodiments. Rather,
the scope of the invention should be defined in accordance
with the following claims and their equivalents.

What is claimed is:

1. A method of forming an integrated circuit, comprising
the steps:

forming a sacrificial silicon nitride feature on said inte-

grated circuit;
forming a surface layer of oxidized silicon on an exposed
surface of said sacrificial silicon nitride feature;

placing said integrated circuit in a two-step oxidized layer
etch tool, so that a substrate of said integrated circuit is
on a substrate base of said two-step oxidized layer etch
tool, said substrate base being at a temperature less than
40° C.;

generating a plasma in said two-step oxidized layer etch
tool using a fluorine-containing gas, ammonia and an
inert gas so as to produce fluorine radicals which
adsorb onto said surface layer of oxidized silicon and
react with said surface layer of oxidized silicon while
said substrate is on said substrate base;

raising said substrate off said substrate base proximate to

a heated element of said two-step oxidized layer etch
tool so that by-products of a reaction between said
fluorine radicals and said surface layer of oxidized
silicon are removed, said heated element being at a
temperature above 90° C.;

subsequently lowering said substrate onto said substrate

base; and

generating a plasma in said two-step oxidized layer etch

tool using fluorine-containing reagents which are sub-
stantially free of ammonia so as to produce fluorine
radicals which react with silicon in said sacrificial
silicon nitride feature so as to remove at least a portion
of said sacrificial silicon nitride feature, so that said
integrated circuit is not exposed to an ambient contain-
ing more than 1 torr of oxygen between said step of
raising said substrate off said substrate base and the
instant step.

2. The method of claim 1, in which said step of generating
said plasma in said two-step oxidized layer etch tool using
fluorine-containing reagents which are substantially free of
ammonia is continued so as to remove said sacrificial silicon
nitride feature.

3. The method of claim 1, in which said step of forming
said sacrificial silicon nitride feature comprises the steps:

forming a layer of gate material over a gate dielectric

layer of said integrated circuit;

forming a sacrificial silicon nitride layer over said layer of

gate material;

forming a gate mask over said sacrificial silicon nitride

layer;

removing silicon nitride from said sacrificial layer silicon

nitride and removing gate material from said layer of
gate material in areas exposed by said gate mask; and
removing said gate mask.

4. The method of claim 1, in which said step of forming
said sacrificial silicon nitride feature comprises the steps:

forming a sacrificial silicon nitride mask over a first

transistor of said integrated circuit so as to expose a
second transistor of said integrated circuit;
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removing semiconductor material from a substrate of said
integrated circuit adjacent to a gate of said second
transistor to form source/drain cavities; and
forming silicon-germanium source/drain regions of said
second transistor in said form source/drain cavities by
a selective epitaxial growth process, such that said
sacrificial silicon nitride mask blocks epitaxial growth
on said first transistor.
5. The method of claim 1, in which said step of forming
said sacrificial silicon nitride feature comprises the steps:
implanting dopants into a transistor to form source/drain
implanted regions in said substrate adjacent to a gate of
said transistor and to form a gate implanted region is
said gate, said gate being predominantly polycrystalline
silicon, said gate implanted region being at least partly
amorphized by said dopants;
forming a conformal layer of stressed silicon nitride over
said transistor, said conformal layer of stressed silicon
nitride having a stress greater than 100 megapascals
(MPa); and

heating said integrated circuit so as to activate said
dopants in said source/drain implanted regions and to
recrystallizes said gate implanted region.

6. The method of claim 1, in which said step of forming
said sacrificial silicon nitride feature comprises the steps:

forming a conformal layer of silicon nitride over a tran-

sistor of said integrated circuit; and
anisotropically etching said conformal layer of silicon
nitride to leave sidewall spacers on lateral surfaces of
a gate of said transistor;

and further including the step of forming a permanent
stress layer over said transistor, after said step of
generating said plasma in said two-step oxidized layer
etch tool using fluorine-containing reagents which are
substantially free of ammonia, said permanent stress
layer having a stress greater than 100 MPa.

7. The method of claim 1, in which said step of forming
said sacrificial silicon nitride feature comprises the steps:

forming a conformal layer of silicon nitride over a plu-

rality of gates of said integrated circuit, said gates being
adjacent to one another; and

anisotropically etching said conformal layer of silicon

nitride to leave sidewall spacers on lateral surfaces of
said gates;

and further including the step of forming a pre-metal

dielectric (PMD) layer over said gates, after said step of
generating said plasma in said two-step oxidized layer
etch tool using fluorine-containing reagents which are
substantially free of ammonia.

8. The method of claim 1, in which said substrate base is
at a temperature of 25° C. to 35° C.

9. The method of claim 1, in which said heated element
is at a temperature of 110° C. to 120° C.

10. The method of claim 1, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes ammonium trifluoride.

11. The method of claim 1, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes sulfur hexafluoride.

12. A method of forming an integrated circuit, comprising
the steps:

forming a conformal layer of silicon nitride over a first

transistor of said integrated circuit;
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anisotropically etching said conformal layer of silicon
nitride to leave sidewall spacers on lateral surfaces of
a gate of said first transistor;

forming a surface layer of oxidized silicon on exposed

surfaces of said sidewall spacers;
placing said integrated circuit in a two-step oxidized layer
etch tool, so that a substrate of said integrated circuit is
on a substrate base of said two-step oxidized layer etch
tool, said substrate base being at a temperature of 25°
C.t035°C,;

generating a plasma in said two-step oxidized layer etch
tool using a fluorine-containing gas, ammonia and an
inert gas so as to produce fluorine radicals which
adsorb onto said surface layer of oxidized silicon and
react with said surface layer of oxidized silicon while
said substrate is on said substrate base;

raising said substrate off said substrate base proximate to

a heated showerhead of said two-step oxidized layer
etch tool so that by-products of a reaction between said
fluorine radicals and said surface layer of oxidized
silicon are removed, said heated element being at a
temperature of 110° C. to 120° C.;

subsequently lowering said substrate onto said substrate

base;

generating a plasma in said two-step oxidized layer etch

tool using fluorine-containing reagents which are sub-
stantially free of ammonia so as to produce fluorine
radicals which react with silicon in said sidewall spac-
ers so as to remove at least a portion of said sidewall
spacers, so that said integrated circuit is not exposed to
an ambient containing more than 1 torr of oxygen
between said step of raising said substrate off said
substrate base and the instant step; and

subsequently forming a permanent stress layer over said

first transistor.

13. The method of claim 12, in which said step of
generating said plasma in said two-step oxidized layer etch
tool using fluorine-containing reagents which are substan-
tially free of ammonia is continued so as to remove said
sidewall spacers.

14. The method of claim 12, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes ammonium trifluoride.

15. The method of claim 12, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes sulfur hexafluoride.

16. The method of claim 12, further comprising the step
of removing said permanent stress layer from a second
transistor of said integrated circuit.

17. A method of forming an integrated circuit, comprising
the steps:

forming a conformal layer of silicon nitride over a plu-

rality of gates of said integrated circuit, said gates being
adjacent to one another;

anisotropically etching said conformal layer of silicon

nitride to leave sidewall spacers on lateral surfaces of
said gates;

forming a surface layer of oxidized silicon on exposed

surfaces of said sidewall spacers;

placing said integrated circuit in a two-step oxidized layer

etch tool, so that a substrate of said integrated circuit is
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on a substrate base of said two-step oxidized layer etch
tool, said substrate base being at a temperature of 25°
C.t035°C,;

generating a plasma in said two-step oxidized layer etch
tool using a fluorine-containing gas, ammonia and an
inert gas so as to produce fluorine radicals which
adsorb onto said surface layer of oxidized silicon and
react with said surface layer of oxidized silicon while
said substrate is on said substrate base;

raising said substrate off said substrate base proximate to
a heated showerhead of said two-step oxidized layer
etch tool so that by-products of a reaction between said
fluorine radicals and said surface layer of oxidized
silicon are removed, said heated element being at a
temperature of 110° C. to 120° C.;

subsequently lowering said substrate onto said substrate
base;

generating a plasma in said two-step oxidized layer etch
tool using fluorine-containing reagents which are sub-
stantially free of ammonia so as to produce fluorine
radicals which react with silicon in said sidewall spac-
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ers so as to remove a portion of said sidewall spacers,
so that said integrated circuit is not exposed to an
ambient containing more than 1 torr of oxygen between
said step of raising said substrate off said substrate base
and the instant step; and

subsequently forming a PMD layer over said plurality of

said gates.

18. The method of claim 17, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes ammonium trifluoride.

19. The method of claim 17, in which said fluorine-
containing reagents in said step of generating said plasma in
said two-step oxidized layer etch tool using fluorine-con-
taining reagents which are substantially free of ammonia
includes sulfur hexafluoride.

20. The method of claim 17, further comprising the step
of planarizing said PMD layer.
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